Many IV-VI semiconductors tend to be good thermoelectric materials, these include all Pb chalcogenides as well as Pb-free SnTe: all of which crystallize in a NaCl cubic structure. Another group of IV-VI compounds form layered orthorhombic structures. SnSe is one of these compounds, whose transport properties as a polycrystalline thermoelectric material have rarely been studied. Here we present our study of p-type polycrystalline SnSe doped with Ag, prepared by melting and hot pressing. SnSe has anisotropic properties with hysteresis observed in resistivity between 300 and 650 K regardless of doping. Ag is not an ideal dopant but is able to increase the carrier density significantly, as a result a peak zT of 0.6 was observed at 750 K. Transport properties of doped SnSe can be explained with a single parabolic band model, which suggests promising potential for this compound together with its challenges.
Introduction
Thermoelectric materials are semiconductors that enable direct conversion between heat and electricity. Devices using these materials are being used in solid state cooling as well as power supplies. 1 The performance of materials as thermoelectrics can be evaluated with the dimensionless gure of merit, zT ¼ sS 2 T/k, where S, T, s and k are the Seebeck coefficient, absolute temperature, electrical and thermal conductivity, respectively. At around 500 C the highest zTs are seen in IV-VI compounds such as PbTe, 2,3 PbSe 4,5 and PbS. 6 In spite of the continuous progress in advancing the performance of these materials, [7] [8] [9] [10] [11] [12] the presence of Pb has limited their future in domestic applications. SnTe could be an alternative according to a recent study 13 but the use of Te is still a big disadvantage for domestic devices that are more cost-sensitive. The other IV-VI compounds, including SnSe, have not been studied as carefully in polycrystalline form, 14 compared with the compounds mentioned above. High thermoelectric performance has just recently been reported 15 in undoped, single crystal SnSe accelerating interest in this material.
Unlike its heavier analogs with a NaCl type structure, SnSe crystallizes in a layered structure with zigzagged atomic chains with orthorhombic symmetry below 810 K. 16, 17 It undergoes a phase transition above that temperature, which alters the zigzag chains so that the atoms are stacked with a conguration that resembles the rock-salt but with stacking faults every other (001) plane. 18 This leads to a considerable difference in the band structure and transport properties between this compound and the rock-salt IV-VI compounds.
In this paper we discuss the synthesis and transport properties of p-type polycrystalline SnSe as a potential thermoelectric material. Stoichiometric SnSe is found to be a semiconductor with very low intrinsic defect concentration and high resistivity. Extra free carriers, in this case holes, can be introduced by substituting Sn with Ag. For the sample Ag 0.01 Sn 0.99 Se, zT is found to be 0.6 at 750 K, higher than that of an undoped SnSe (0.3) due to an increase of the charge carrier density. SnSe could be a promising thermoelectric material, given some challenges could be resolved.
Experimental
Elements Ag, Sn, and Se, all of purity of 99.999% were loaded into quartz ampoules. The ampoules were then evacuated, sealed, and slowly heated up to 1200 K, and kept for 12 hours followed by water quenching. The obtained ingots were further annealed at 800 K for 72 hours. The annealed ingots were ground to powders with an agate mortar, and then hot pressed using an induction heating rapid hot press 19 at 800 K, 36 MPa under 1 atm argon for 10 minutes to form a dense pellet 12 mm in diameter. Two sheets of samples were cut along different directions for measurement, with the relative density being not less than 96% of the theoretical value (6.18 g cm À3 ). The grain size is estimated to be between 10 and 100 mm, which according to our previous experience on lead chalcogenides, 6 leads to negligible inuence on electron and phonon transport. The phase composition is analyzed by powder X-ray diffraction (XRD), performed with a diffractometer (PANalytical X'Pert Pro) equipped with Cu Ka radiation. The microstructures of samples are investigated using a scanning electron microscope (SEM, ZEISS). The compositions of the phase and the distributions of elements are determined using a X-ray energy dispersive spectrometer (EDS, Oxford Instrument X-Max). Two-dimensional Seebeck coefficient maps and their corresponding histograms are determined from a scanning Seebeck coefficient measurement system 20 developed at the California Institute of Technology. The temperature dependent Seebeck coefficient is determined by measuring the voltage difference on two sides of the sample using chromel-niobium thermocouples under an oscillating temperature gradient of 0 to 15 K with constant ambient temperature. 21 Electrical resistivity and Hall effect are measured using the Van der Pauw method in a magnetic eld up to AE2T. 22 The thermal conductivity is calculated from shown in the ESI †). Density r is calculated using the measured dimensions and weight. During all measurements data are acquired during both heating and cooling. The uncertainty of each measurement is estimated to be approximately 5%, which leads the combined experimental uncertainty of zT to be about $20%.
Results and discussion

Synthesis and characterization
X-ray diffraction data of samples with the nominal Ag compositions staring from 0 to 7% are shown in Fig. 1a . The patterns can be indexed to the low temperature SnSe phase (JCPDS #140159) with an orthorhombic structure. A small amount of secondary phase, denoted by arrows, is seen in Ag doped samples and is identied to be the AgSnSe 2 phase (JCPDS #331194) with cubic structure. The existence of AgSnSe 2 is also conrmed by the back-scattered electron (BSE) images of polished surfaces of all Ag doped samples. The SEM micrograph and EDS mapping image of the 1% Ag sample are shown in As with SEM the Seebeck mapping shows that all these regions are isolated without forming a linked network. Using an effective medium model 25, 26 we estimated the effect of the secondary AgSnSe 2 phase on the electrical conductivity and Hall coefficient to be less than 10%.
Stoichiometric SnSe shows p-type intrinsic behavior with low carrier density on the order of low 10 17 cm À3 . With up to 5% of extra Se the compound shows largely the same transport behavior with negligible carrier density change; whereas with 5% extra Sn the compound becomes slightly n-type (but not stable) ( Fig. 2a and b) . Unlike Pb chalcogenides, SnSe is fairly difficult to dope. [27] [28] [29] [30] Various candidates as dopants were attempted (Br, Sb, Bi and In as donors; Na, Ag, and Tl as acceptors), but only Na and Ag seem to be able to increase the carrier density to the concentrations usually required for good thermoelectric performance. While Na provides better efficiency and higher carrier density, samples doped with Na are not stable upon repeated heating and cooling. As a result, Ag is used as the dopant for this study. As shown in Fig. 2c , with addition of Ag, the carrier density can be gradually increased and saturated at about 9 Â 10 18 cm À3 for the Ag 0.07 Sn 0.93 Se sample. The doping efficiency is poor on the order of 1%, which is consistent with microstructural observation. The solubility of Ag in SnSe is very small but seems to be sensitive to the actual composition so that the systematic change of the Ag content has resulted in a very slight change of Ag solubility, which is reected in the increase of carrier density.
Electrical and thermal transport properties
All SnSe samples show hysteresis during heating and cooling (more in resistivity and less in Seebeck coefficient) between 300 to 650 K. Altering the Sn : Se ratio, as well as doping with Ag fails to eliminate the hysteresis. The Differential Scanning Calorimetry (DSC) showed very small peaks around 430 K, 580 K and 610 K, respectively (see ESI †). The phase transition in SnSe was reported to occur at 809 K, 18 other processes, are thus responsible for hysteresis in resistivity as well as the peaks seen in DSC. Despite the hysteresis, the transport properties of the Ag doped samples are consistent upon several repeated heating and cooling measurements (Fig. 3) , suggesting that the hysteresis in these samples is more likely caused by reversible processes rather than non-equilibrium states of the samples. For clarity in the following discussions only results measured during cooling are shown, the heating process reveals the same trend only with different absolute values (Fig. S1 †) . Fig. 4 shows the temperature dependence of transport properties for samples with different Ag contents. These are the properties measured along the direction perpendicular to the hot press direction. The resistivity at room temperature dropped signicantly with Ag doping, yet at 750 K the resistivities of doped samples are still several times higher than typical good thermoelectrics. The resistivity is anisotropic and the in-plane result (perpendicular to the hot press direction) is about 40% lower than the other direction ( Fig. 5 and S2 to S4 †) .
The temperature dependent Seebeck coefficients are shown in Fig. 4b (Fig. S5 †) ). This enables us to use the simple single parabolic band model with acoustic phonon scattering approximation to understand the change of transport properties with doping. At 300 K, the change of the Seebeck coefficient with carrier density (Pisarenko relation) has suggested a density of state effective mass m * d of 0.75m e (Fig. 7a) , where m determined by the Hall carrier density (n H ¼ n/r H , assuming spherical Fermi surface) via:
using the reduced chemical potential h from the Seebeck coefficient:
F x (h) are the Fermi integrals:
The dri mobility governed by the acoustic phonon scattering process depends on the chemical potential via:
C l is the average longitudinal elastic constant, N v is the valley degeneracy of the band, and X is the deformation potential coefficient. Measured Hall mobility (m H ¼ mr H ) versus Hall carrier density can be well explained with this equation (Fig. 7b) . The parameter m 0 stands for the mobility extrapolated to the nondegenerate limit, and is found to be 41 cm 2 V À1 s À1 by tting experimental results. Band structure calculation 32 has suggested that the maximum of the valence band in SnSe is on the L symmetry line between gamma and Z, having a valley degeneracy of 2. Assuming C l of SnSe to be the same as that of SnTe (58 GPa) the deformation potential coefficient is estimated to be 24 eV, being comparable to those found in rock-salt Pb chalcogenides.
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Using the same parameters determined at 300 K, the SPB model further explained the Pisarenko relation at 750 K (Fig. 7) . Usually with bipolar conduction, the measured Seebeck coefficient should be lower than the modeling result using SPB. This being not the case for Ag doped SnSe implies that there may be other possible reasons for the decrease of Seebeck coefficients and increase of carrier density with increasing temperature, such as the temperature dependent defect level or Ag solubility. Similarly the observed mobility values are also comparable with the SPB modeling result: no reduction due to bipolar conduction is seen.
The thermal conductivities k measured up to 750 K are presented in Fig. 4c . Due to high resistivity the electronic contribution for all samples are negligible. The measurement generally reects the change of lattice thermal conductivity with temperature. For undoped SnSe the k L is found to be 1. plane), as would be expected from the polycrystalline nature of the sample, while the recent study 15 on single crystal SnSe has reported even lower k L . Compared to other IV-VI compounds SnSe has a very low lattice thermal conductivity at room temperature, probably due to its complex atomic arrangement relative to the highly symmetric NaCl structure. However, the T À1 dependence, a result of the Umklapp process dominated phonon transport, which was seen in rock-salt Pb chalcogenides, is not observed here. The k L decreases slowly before saturating at 0.55 W m À1 K À1 , suggesting a large residual thermal conductivity from the optical phonon contribution. 35 In contrast, k L for PbSe at 750 K is about 0.7 W m À1 K À1 , only slightly larger than SnSe whereas the electrical properties of PbSe are much better. Similar to that found in the resistivity, anisotropy is also seen in the thermal conductivity measured along different directions and the in-plane thermal conductivity is about 60% higher than those along the other direction ( Fig. 5c and S4 †) . Thermal conductivities increase with the increase of Ag contents. This is partly due to the averaging with a metallic secondary phase, which has high thermal conductivity. The higher thermal conductivity could also be related to the possible change in the degree of texturing due to the uniaxial pressure and the presence of ductile metallic AgSnSe 2 with low melting temperature.
Figure of merit
The zT values (in-plane direction) as a function of temperature are calculated using data acquired during the cooling process and the result is shown in Fig. 4d . The zT of the 1% Ag sample reaches a maximum of $0.6 at 750 K as compared to 0.3 for the stoichiometric SnSe. Continuous increase in the Ag content and carrier density does not further increase zT. This is because of rst the higher thermal conductivity due to increased volume fraction of the secondary phase, and second the lower mobilities. Using the SPB model with parameters determined above (m
, the modeled zT versus carrier density at 750 K is plotted in Fig. 8 , which predicts a maximum of 0.4 when the carrier density is around 4 to 5 Â 10 19 cm
À3
. The calculated zT of 0.6 for Ag 0.01 Sn 0.99 Se is higher than the predicted maximum, mainly due to the observed mobility being much higher than the model as well as other samples.
The predicted zT for SnSe is somewhat disappointing. There are however two factors not accounted for in the current analysis that could potentially justify higher expectation on zT values. First, the mobility of these samples may be not as high as the cleanest samples, especially when the secondary phase has been found. Assuming the mobility of "clean" samples to be twice as high, the maximum zT would be 0.7 (dashed line in Fig. 8 ), which is a good start for a Pb-free and Te-free thermoelectric material. Second, unlike the isotropic Pb-chalcogenides, the modeling of transport properties on polycrystalline SnSe in this study is subject to the degree of texturing: theoretically maximum zT can be only achieved when single crystal SnSe is grown and measured along the preferred direction. We notice that independent studies [36] [37] [38] have reported for single crystal SnSe a Hall mobility of $120 cm 2 V À1 s À1 perpendicular to the c-axis (denoted a-axis in ref. 15 ), a three-fold difference compared with the highest mobility found in this study, while only a quarter 36 to a half 38 of this along the c-axis. Thus there could be up to a three-fold increase of zT (to 1.2) if single crystals of these samples were grown and tested perpendicular to the c-axis. Nevertheless, further material engineering is needed before p-type SnSe could compete, in terms of average zT, with the best available PbTe or PbSe thermoelectrics. At the same time, the hysteresis issue in properties seen here between 300 and 650 K has to be resolved. Until then, any practical value of SnSe as a thermoelectric material will remain an open question regardless of its peak zT.
Conclusions
In summary, polycrystalline SnSe doped with Ag were prepared by melting followed by rapid hot pressing. Undoped SnSe has low carrier density. Doping with Ag increases this to 9 Â 10 18 cm À3 . The transport properties, especially resistivity and thermal conductivity are anisotropic. Hysteresis is seen in resistivity between heating and cooling regardless of doping. Transport properties at 300 K and 750 K can be explained with a single parabolic band model and acoustic phonon scattering approximation. The density-of-state effective mass is found to be 0.75m e and the nondegenerate limit dri mobility is 41 cm 2 V À1 s À1 , both independent of temperature. The peak zT measured at 750 K is 0.6. Although higher zT in doped p-type SnSe is still possible, material engineering is needed for SnSe to be a truly promising thermoelectric material.
